Activated T lymphocytes are present in human atherosclerotic lesions and autoantibodies to antigens within lesions have been detected in serum, but the roles of the cellular and humoral immune systems in atherogenesis have not been determined. The effect of total lymphocyte deficiency on atherogenesis was investigated by crossing apo E-deficient mice (which develop atherosclerosis resembling human disease) with mice deficient in RAG2 (which is required for normal B and T lymphocyte development). Mice were placed on a fat-and cholesterol-enriched diet for 12 wk. RAG2-deficient mice had no serum autoantibodies, in contrast to the high titers in RAG2 ϩ / Ϫ littermates. There were no T lymphocytes and a markedly reduced number of MHC class II-positive macrophages in atherosclerotic lesions of RAG2-deficient mice. Despite these differences, RAG2-deficient mice developed atherosclerosis similar in extent to that in immunocompetent littermates, based on quantification by two independent methods. In conclusion, the absence of autoantibodies and T lymphocytes did not influence the extent of aortic atherosclerotic lesions in apo E-deficient mice. ( J. Clin. Invest. 1997. 100:1575-1580.)
Introduction
Lymphocytes have been demonstrated to have an essential role in vascular lesions induced by transplantation (1) . This cell type also modulates lesions produced by vascular injury (2, 3) . Both the cellular and humoral immune systems have also been implicated in the pathogenesis of atherosclerosis (4) although their roles have not been clearly defined.
T lymphocytes are a prominent feature of atherosclerotic lesions in humans (5) . This cell type is among the earliest recruited to lesions (6) and it accumulates in specific regions in advanced lesions (7, 8) . T lymphocytes in human atherosclerotic lesions are polyclonal (9, 10) and the majority are activated (11) . It has been hypothesized that they influence atherogenesis through interactions with macrophages (12, 13) and smooth muscle cells (14) . Despite these theoretical considerations, the role for T lymphocytes in the atherogenic process is unknown.
Humoral immunity has been postulated to play a critical role in atherogenesis through the generation of autoantibodies to antigens within lesions. Heat-shock protein 60 is one candidate antigen (15) , although most attention has focused on autoantibodies to modified low density lipoprotein (LDL). Serum titers of antimalondialdehyde (MDA) 1 -LDL antibodies have been correlated with extent of atherosclerotic disease in humans (16) . Autoantibodies directed against antigens such as MDA-LDL could influence atherogenesis through the interaction of immune complexes with macrophages within lesions (17, 18) . However, the effects of ablation of autoantibodies on atherogenesis has not been defined.
To determine whether cellular and humoral immune mechanisms are passive bystanders or active participants in atherogenesis, the immune system has been manipulated by a variety of means. Pharmacologic studies using cyclosporin A have shown both increased (19, 20) and decreased (21) atherosclerosis in animal models of the disease. Antibody immunodepletion (22) and genetic immune deficiency in mice (23) were used to address the role of B and T lymphocytes in atherogenesis. However, these studies used C57BL/6 mice fed a high cholesterol and cholate-containing diet. In this model, mice have small lesions limited to the aortic root that contain no T lymphocytes (24) . Therefore, the interpretation of these studies with regard to the impact of the immune system on atherogenesis is uncertain. In contrast, T lymphocyte infiltration is an early and prominent feature of atherosclerotic lesions in apo E-deficient mice (25, 26) . Furthermore, serum titers of autoantibodies to modified LDL are high (27) . Because of these immunologic factors and the complex morphology of atherosclerotic lesions in these animals, which closely resembles that in humans (28, 29) , the apo E-deficient mouse is currently considered a more appropriate model for investigation of mechanisms of atherogenesis (30, 31) .
To investigate the hypothesis that lymphocytes influence the development of atherosclerosis in apo E-deficient mice, we introduced a deficiency in the recombinase activator gene 2 (RAG2) onto an apo E Ϫ / Ϫ genetic background. RAG2 deficiency results in a total deficiency of B and T lymphocytes (32). Mice with deficiencies of both apo E and RAG2 were bred to ensure an equivalent genetic background to control immunocompetent littermates. Atherosclerosis was quantified by two independent methods. Despite the absence of autoanti-bodies and T lymphocytes within atherosclerotic lesions, and the marked reduction in MHC class II-positive macrophages in lesions, RAG2 deficiency had no significant effect on the extent of aortic atherosclerotic lesion development.
Methods
Mouse breeding and diets. Apo E Ϫ / Ϫ mice were obtained from The Jackson Laboratory (Bar Harbor, ME). This strain was developed by Dr. Maeda on a 129/J background and had been backcrossed six times to C57BL/6J mice (33) . RAG2 Ϫ / Ϫ mice were obtained from GenPharm International (Mountain View, CA). These mice were also generated on a 129/J background. Apo E Ϫ / Ϫ mice were bred to RAG2 Ϫ / Ϫ mice to generate F1 offspring that were heterozygous for both genes. The F2 offspring of the F1 interbreeding were screened by measurement of serum cholesterol concentrations at 4 wk of age as an indication of apo E genotype. Mice identified as potentially apo E Ϫ / Ϫ based on serum cholesterol concentrations of greater than 300 mg/dl were confirmed as apo E Ϫ / Ϫ by Southern blotting, as described previously (33) . The RAG2 genotype was identified by PCR, as described previously (32). To control for differences in genetic background, apo E Ϫ / Ϫ ϫ RAG2 Ϫ / Ϫ mice were bred to apo E Ϫ / Ϫ ϫ RAG2 ϩ / Ϫ mice to generate litters that were all apo E Ϫ / Ϫ but either RAG2 Ϫ / Ϫ or RAG2 ϩ / Ϫ . Findings in RAG2 Ϫ / Ϫ mice were compared with those in RAG2 ϩ / Ϫ littermates.
When they were 4 wk of age, mice were placed on a normal laboratory diet supplemented with 0.15% wt/wt cholesterol and 20% wt/ wt butter fat (Dyets, Bethlehem, PA), as described previously (28) and were maintained on this diet for 3 mo.
Phenotyping. Single-cell suspensions of splenocytes from each animal were analyzed by flow cytometry by use of FACScan and CellQuest software (Becton Dickinson, Franklin Lakes, NJ). FITCconjugated monoclonal antibodies against IgM (Bet2; 34) and CD3 (2C11; 35) were used to detect B and T lymphocytes, respectively. FACS ® analysis was corroborated by immunocytochemical analysis of frozen tissue sections of OCT-embedded spleens.
Lipids and lipoprotein characterization. Serum total cholesterol concentrations were determined with enzymatic assay kits (Sigma Chemical Co., St. Louis, MO) on a Cobas Fara autoanalyzer (Roche Diagnostic Systems Inc., Nutley, NJ). Lipoprotein cholesterol distributions were evaluated in pooled serum samples (120 l) from four mice in each group after fractionation by fast protein liquid chromatography (FPLC) gel filtration (Pharmacia LKB Biotechnology, Uppsala, Sweden) on two Superose 6 columns connected in series (36) . Fractions were collected and cholesterol concentrations were determined with an enzymatic based assay kit (Wako Bioproducts, Richmond, VA).
Serum autoantibody titers to MDA-modified LDL. Human LDL ( d ϭ 1.019-1.063 g/ml) was obtained under sterile conditions by sequential ultracentrifugation of human plasma. MDA was synthesized from 1,1,3,3-tetramethoxypropane, and MDA-LDL was produced as described by Haberland et al. (37) . Autoantibodies titers were determined as described previously (20) . Blood was allowed to clot and serum was separated by centrifugation and stored at Ϫ 20 Њ C. 96-well flat-bottom plates (Nunc Inc., Maxisorp F16, Fisher Scientific Co.), were washed with PBS and the wells were filled with 100 l of either native LDL or MDA-LDL at a concentration of 10 g/ml. After incubation overnight at 4 Њ C, wells were washed three times with PBS and blocked with 3% BSA. After washing with PBS, duplicate wells were incubated at room temperature for 2 h with 100 l of serum at the indicated dilutions in 1% BSA. Wells were washed three times with PBS, and autoantibodies were detected by addition of biotinylated rat antimouse IgG (Vector Laboratories, Inc., Burlingame, CA) followed by horseradish peroxidase conjugated to avidin. Immunoreactivity was determined by addition of the chromogen 2,2 Ј -azino-bis(3-ethylbenzthiazoline 6-sulfonic acid). Absorbance at 405 nm was determined with an automated plate reader. Titers of autoantibodies were expressed as absorbance of MDA-LDL binding minus that of LDL binding.
Immunocytochemical characterization of atherosclerotic lesions. Mice were perfused with PBS via a cannula placed in the left ventricle, with fluid drained from a severed right atria. The hearts from PBS-perfused mice were severed from the aorta at the base, embedded in OCT, and frozen in isopentane/liquid N 2 . Spleens were similarly embedded in OCT and frozen. Serial sections (8 m) were mounted on masked slides. Sections were fixed in acetone, air dried, and rehydrated in Dulbecco's modified PBS containing 0.02% NaN 3 and blocked first with 3% BSA in PBS/NaN 3 , followed by 3% normal goat serum in PBS/BSA/NaN 3 . Endogenous peroxidase was quenched with 3% H 2 O 2 in PBS. Sections were incubated with optimal concentrations of the indicated primary monoclonal as determined by optimal immunostaining of sections of spleen, followed by biotinylated goat anti-rat or anti-hamster secondary antibody (Vector Laboratories, Inc.) in the presence of 200 g/ml normal mouse IgG to block reactivity with endogenous mouse immunoglobulin. Antibody reactivity was detected by use of the Vectastain Elite horseradish peroxidase-conjugated biotin-steptavidin complexes and developed with diaminobenzidine tetrahydrochloride as the chromogenic substrate. Immunostaining was photographed under brightfield on a Leitz microscope. Image analysis was performed to determine the density of cells expressing MHC class II as described previously (25) .
Quantification of atherosclerotic lesions. Aortic tissue was removed from the ascending aorta to the ileal bifurcation and placed in freshly prepared 4% paraformaldehyde in PBS overnight at room temperature. After tissue fixation, adventitial tissue was carefully removed. The intimal surface was exposed by a longitudinal cut through the inner curvature of the aortic arch that extended down the whole length of the aortic tree. To permit the arch region to be laid out flat, the greater curvature was cut down to the level of the left subclavian artery. The tissue was laid out on a black background and an image of the aorta was recorded.
To quantify extent of intimal surface covered by grossly discernible lesions, image analysis was performed with Image-Pro (Media Cybernetics, Silver Springs, MD). Extent of atherosclerotic lesions was quantified in the arch, thorax, and abdominal regions. The regions were defined as follows: ( a ) arch, from the ascending arch to 4-mm distal to the left subclavian artery; ( b ) thorax, from the arch to the last intercostal artery branch; and ( c ) from the thorax to the branch of the ileal bifurcation. The percent intimal area covered by lesions was quantified by two observers. There was routinely Ͻ 5% difference between the determinations of the two observers.
Unesterified and esterified cholesterol content of the aortic regions described above was determined by gas chromatography (38) as described previously (39, 40) . Briefly, sterols were extracted from tissue as described by Bligh and Dyer (41) in the presence of 5 ␣ -cholestane (10 g) as an internal standard. Total cholesterol was determined after saponification. Tissue content of sterols ( g/mm 2 ) was normalized to the intimal surface area as determined by image analysis.
Statistical analysis. The null hypothesis for the variables measured in the two groups was initially tested by Student's t tests. If the data did not fit the constraints of this parametric test, data were analyzed with the Wilcoxon rank-sum test. All statistical analyses were performed by use of SigmaStat (Jandel Scientific, San Rafael, CA). Data are presented as means Ϯ SEM.
Results

Serum cholesterol concentrations in apo E Ϫ / Ϫ ϫ RAG2 Ϫ / Ϫ mice are not different from their immunocompetent littermates.
Apo E Ϫ / Ϫ mice develop hyperlipidemia and atherosclerosis even when fed a normal laboratory diet (42, 43). However, feeding a diet enriched in fat and cholesterol accelerates the development of the disease without affecting mor-phological characteristics of the disease (28) . In this study the diet promoted a substantial hypercholesterolemic response that did not differ in RAG2 heterozygous and homozygous deficient animals: serum total cholesterol was 2,002 Ϯ 681 versus 2,263 Ϯ 537 mg/dl for the heterozygous ( n ϭ 25; 13 female and 12 male) and homozygous ( n ϭ 14; five female and nine male) mice, respectively. Furthermore, lipoprotein cholesterol distributions were not different in the two groups, as determined by size exclusion gel chromatography (data not shown).
Serum autoantibody titers to MDA-LDL are high in immunocompetent apo E Ϫ / Ϫ mice but absent in apo E Ϫ / Ϫ ϫ RAG2 Ϫ / Ϫ mice. Titers of autoantibodies to antigens within lesions such as heat shock protein 60 (15) and MDA-LDL (16) have been related to the extent of atherosclerotic disease in humans, but a cause-effect relationship has not been proven. It has been reported that apo E Ϫ / Ϫ mice develop high autoantibody titers to MDA-LDL (27) . Under the conditions of this study, high serum titers of autoantibodies to MDA-LDL were present in apo E Ϫ / Ϫ ϫ RAG2 ϩ / Ϫ mice, but as expected, no MDA-LDL autoantibodies were detected in serum from apo E Ϫ / Ϫ ϫ RAG2 Ϫ / Ϫ mice (Fig. 1) .
T lymphocytes are absent and MHC class II-expressing macrophages are markedly reduced in atherosclerotic lesions of apo E Ϫ / Ϫ ϫ RAG2 Ϫ / Ϫ mice. T lymphocytes were present in lesions of immunocompetent apo E Ϫ / Ϫ mice as reported in other mice strains with this genetic deficiency (25, 26) . In contrast, as expected, atherosclerotic lesions from RAG2Ϫ/Ϫ mice were devoid of T lymphocytes (data not shown). A considerable number of leukocytes within lesions expressed high levels of MHC class II in RAG2ϩ/Ϫ mice (Fig. 2 C; 207Ϯ47 cells per mm 2 ). Since B lymphocytes were not detected in lesions and murine T lymphocytes do not express MHC class II, the MHC class II-expressing cells in CD45 positive regions of lesions were identified as macrophages. Activated T lymphocytes elaborate cytokines that increase MHC class II expression in macrophages. Therefore, upregulation of MHC class II expression may be one consequence of T lymphocytes that infiltrate lesions. Although some nonlipid engorged macrophage populations in lesions from RAG2ϩ/Ϫ mice had very strong MHC class II expression, foam cells in lesions of this strain only expressed low levels. These data suggest either that foam cells were derived from a subset of macrophages expressing little MHC class II or that formation of this cell type results in decreased density of MHC class II.
There were markedly fewer MHC class II-positive macrophages present in lesions of RAG2Ϫ/Ϫ mice (70Ϯ13 cells per mm 2 ; P Ͻ 0.005), although they were often associated with the endothelium (Fig. 2 D) . This distinct reduction in MHC class II-positive macrophages within atherosclerotic lesions was evident despite equivalent expression of MHC class II on CD45 positive cells in adventitial tissue (Fig. 2) and spleens of RAG2Ϫ/Ϫ mice (data not shown). These data suggest that expression of MHC class II on infiltrating macrophages in lesions and/or recruitment of MHC class II-positive macrophages into lesions is lymphocyte dependent.
Lymphocyte-deficient apo EϪ/Ϫ mice develop atherosclerotic lesions similar in extent to those in immunocompetent littermates. The extent of atherosclerosis was determined in defined segments of the aorta from the ascending arch to the ileal bifurcation. The distribution of lesions in the mice we studied was similar to that described previously in apo E-deficient mice (28) . The percent of intimal area covered by lesions in RAG2 heterozygous and homozygous animals did not differ in any of the three aortic regions (Fig. 3 A) .
Extent of atherosclerosis was also evaluated by measurement of esterified and unesterified cholesterol in these three aortic regions. The relative accumulation of cholesterol correlated with the lesion area in all regions (Fig. 3, B and C) . There were no statistically significant differences between the heterozygous and homozygous RAG2 mice with regard to tissue cholesterol content in any of the three regions.
Discussion
The cellular and morphologic characteristics of atherosclerotic lesions that develop in apo EϪ/Ϫ mice are strikingly similar to those of human lesions (28) . Therefore, apo E-deficient mice are being widely used to explore mechanisms of atherogenesis that may be relevant to human disease (30) . RAG2-deficient mice have a deficiency of B and T lymphocytes that is complete and sustained (32). Therefore, the combination of apo E and RAG2 deficiencies in mice is well-suited to the investigation of the effect of total lymphocyte deficiency on atherogenesis.
The extent of atherosclerotic lesions induced in experimental studies varies widely, even in inbred mouse strains fed standardized diets and maintained in well-controlled environments. We therefore designed these studies with strict attention to both the mode of lesion quantification and statistical concerns. In mice, the extent of atherosclerosis is usually quantified only in the aortic root by morphometric techniques (44) . A previous study has demonstrated an excellent correlation between extent of disease in the aortic root and that in the remainder of the aorta (45) . Therefore, we elected to analyze the entire aorta for both intimal lesion area as well as tissue cholesterol content. These parameters of atherosclerosis for quantifying the extent of lesion formation have been used in numerous atherosclerosis experiments in larger species (39, 40, 46) , and have the major advantage of providing two independent parameters of disease extent over the entire aorta.
There has been considerable interest in the role of autoantibodies and immune complexes in the development of atherosclerosis (15, 16, 17) . The two antigens that have received the most attention are modified forms of lipoproteins and heat shock proteins. Serum titers of MDA-LDL autoantibodies correlate with the extent of carotid atherosclerosis as measured by ultrasound in humans (16) and with the extent of aortic atherosclerosis in LDL-receptorϪ/Ϫ mice (47) . Despite these positive correlations, the specific role of autoantibodies is controversial, since immunization with MDA-LDL augmented autoantibody titers in Watanabe heritable hyperlipidemic rabbits but decreased the extent of atherosclerosis (48) . In our study, the immunocompetent apo E-deficient mice had high titers of autoantibodies to MDA-LDL and the RAG2Ϫ/Ϫ mice had no autoantibodies to MDA-LDL, yet there was no difference in the extent of atherosclerosis. Therefore, humoral immunity has no essential role in development of aortic atherosclerotic lesions in apo EϪ/Ϫ mice fed a modified diet.
The presence of activated T lymphocytes within atherosclerotic lesions is consistent with a role for these cells in atherogenesis. Cytokines secreted by activated T lymphocytes could change lipid and lipoprotein metabolism in macrophages. Cell culture studies have indicated that cytokines released from lymphocytes, such as IFN-␥ and IL-4, modulate several facets of macrophage lipid metabolism, including secretion of apo E (49), lipoprotein modification (50) , and regulation of lipoprotein receptors such as scavenger receptors (51-53) and LDLrelated receptor protein (54) . T lymphocyte-derived IFN-␥ (55) and IL-4 (56) also increase the expression of MHC class II on macrophages. Macrophages expressing MHC class II were detected throughout the lesions of immunocompetent RAG2ϩ/Ϫ mice. However, the presence of MHC class II-positive macrophages within lesions was markedly reduced in RAG2Ϫ/Ϫ mice, demonstrating that the infiltration of T lymphocytes into atherosclerotic lesions influences the phenotype of macrophages within lesions, but that this change does not affect the extent of atherosclerosis. The relationship between the MHC class II-positive macrophages and foam cells (which express low levels of MHC class II) is uncertain, but these results indicate that MHC class II-positive cells within lesion are not required for foam cell formation.
In conclusion, total lymphocyte deficiency induced by deletion of the RAG2 gene did not influence the extent of aortic atherosclerosis in apo EϪ/Ϫ mice fed a Western diet for 3 mo. Using different quantitative techniques, similar results have been reported recently in RAG1/apo E-deficient mice (57) . Although total lymphocyte deficiency did not influence the extent of atherosclerosis at this time point, this result does not negate a role for this cell type in earlier or later stages of atherogenesis. Furthermore, these data do not abrogate a modulatory effect of specific subclasses of T lymphocytes on lesion development. 
